Cosmic velocity and tidal fields are important for the understanding of the cosmic web and the environments of galaxies, and can also be used to constrain cosmology. In this paper, we reconstruct these two fields in the Sloan Digital Sky Survey (SDSS) volume from dark matter halos represented by galaxy groups. Detailed mock catalogues are used to test the reliability of our method against uncertainties arising from redshift distortions, survey boundaries, and false identifications of groups by our group finder. We find that both the velocity and tidal fields, smoothed on a scale of ∼ 2 h −1 Mpc, can be reliably reconstructed in the inner region (∼ 66%) of the survey volume.
galaxy groups. Detailed mock catalogues are used to test the reliability of our method against uncertainties arising from redshift distortions, survey boundaries, and false identifications of groups by our group finder. We find that both the velocity and tidal fields, smoothed on a scale of ∼ 2 h −1 Mpc, can be reliably reconstructed in the inner region (∼ 66%) of the survey volume.
The reconstructed tidal field is used to split the cosmic web into four categories: clusters, filaments, sheets, and voids, depending on the sign of the eigenvalues of local tidal tensor. The reconstructed velocity field nicely shows how the flows are diverging from the centers of voids, and converging onto clusters, while sheets and filaments have flows that are convergent along one and two directions, respectively. We use the reconstructed velocity field and the Zel'dovich approximation to predict the mass density field in the SDSS volume as function of redshift, and find that the mass distribution closely follows the galaxy distribution even on small scales. We find a large-scale bulk flow of about 117 km s −1 in a very large volume, equivalent to a sphere small mass haloes, making it ideally suited for the study of the relation between galaxies and dark matter haloes over a wide range of halo masses (see also Weinmann et al. 2006 and Wang et al. 2008) . These galaxy groups, and the dark haloes they represent, together with the relationship between dark haloes and the mass density field predicted by the current CDM model, offer an unprecedented opportunity to reconstruct the cosmic density and velocity fields in the cosmic volume within which the galaxies are observed.
A powerful reconstruction method will also make it possible to classify the morphology of the large scale structure. Most methods aimed at describing the morphology of the large scale structure are either based directly on the galaxy distribution (e.g. Hoyle & Vogeley 2002; Romano-Díaz & van de Weygaert 2007; Sousbie et al. 2011) or on the smoothed density field (e.g., Park et al. 2005; Aragón-Calvo et al. 2007) . A particularly interesting classification is based on the tidal field tensor, which is simply the Hessian of the gravitational potential (e.g. Hahn et al. 2007a,b; Forero-Romero et al. 2009; Aragón-Calvo et al. 2010a,b) . Since many properties of dark matter halos are found to be correlated with the large-scale tidal field (e.g. Wang et al. 2011) , such a classification is particularly interesting for investigating how galaxy properties are affected by their large-scale environment. Hence, a reconstruction method that yields an accurate estimate of the tidal field will open an important avenue for the study of galaxy formation and evolution.
In an earlier paper (Wang et al. 2009 ; hereafter W09), we developed a method to reconstruct the cosmic density, velocity and tidal fields starting from the distribution of (massive) galaxy groups (i.e., dark matter haloes), which we tested against N-body simulations but did not apply to real data. The method to reconstruct the density field partitions the volume in domains associated with each individual group (i.e., dark matter halo), and models the mass distribution in each domain using the cross-correlation function between dark matter haloes and the mass distribution within their domain obtained from N-body simulations.
The redshift distortions of the groups (domains) are corrected iteratively by reconstructing the velocity field using linear theory, in which the density field is traced by the most massive groups, as described below. This method is very different from previous methods that have been used in earlier investigations (e.g. Fisher et al. 1995; Zaroubi et al. 1995; Erdogdu et al. 2004) . In these studies the galaxy distribution is usually smoothed heavily and normalized to represent the cosmic density field on large scales. In the Wiener reconstruction method, adopted in many of these earlier investigations, the mass density at a given point is assumed
to be a linear combination of the observed galaxy density field values at different points so that the reconstructed field has the minimum mean square error. Therefore the results are expected to be valid only on linear scales. Since our method is based on dark matter haloes, the reconstruction is expected to be more accurate both on small scales, where mass is strongly correlated with dark matter halos (see also Kitaura et al. 2010; for other methods to reconstruct the non-linear density field), and on large scales, where the halo bias is well understood.
For the reconstruction of the velocity and tidal fields, W09 used a slightly different method. Since the velocity field is mainly dominated by the mass distribution on large scales, it can be reconstructed simply from the distribution of the massive groups (haloes), without having to account for their cross-correlation with the dark matter in their domains (as we did for the reconstruction of the density field). Using linear theory and a smoothed density field based on the distribution of massive haloes, W09 were able to accurately reconstruct the velocity and tidal fields on large scales. The velocity field thus obtained was used in correcting the reconstructed density field for redshift distortions. This method for reconstructing the cosmic velocity field is different from those used in earlier investigations, which always used the galaxy distribution directly (e.g. Kaiser et al. 1991; Willick & Strauss 1998; Hudson et al. 2004) , and therefore suffer from uncertainties in the complicated relation between galaxies and the underlying mass distribution (e.g., the fact that galaxy bias depends on luminosity and color). The advantage of our method is that it is based on dark matter halos, as represented by galaxy groups, so that the bias of the distribution of different galaxies relative to the underlying density field is automatically taken into account by their connections to dark matter halos, whose bias is well understood.
The reconstruction method presented in W09 was recently used by Munoz-Cuartas et al.
(2011) to reconstruct the density field for the survey volume of the SDSS DR4 (Adelman- McCarthy et al. 2006) , using the SDSS galaxy group catalogue of Yang et al. (2007) . However, we caution that Munoz-Cuartas et al. chose not to apply the corrections for redshift distortion; hence their reconstructed density field is in redshift space. In addition, they computed the tidal deformation tensor, but did not properly account for boundary effects of the SDSS volume, which, as we will see in this paper, are very substantial. In this paper, we use the method of W09 to reconstruct the cosmic velocity field and the associated tidal field in the SDSS survey volume. Our analysis differs from that of Munoz-Cuartas et al. (2011) in that (i) we mainly focus on the reconstruction of velocity and tidal fields, (ii) we use the much larger SDSS DR7 (Abazajian et al. 2009 ) and its corresponding galaxy group catalogue,
Reconstructing the Cosmic Velocity and Tidal Fields 5 (iii) we correct the locations of the groups for redshift distortions, and (iv) we carefully investigate the impact of boundary effects on the accuracy of the reconstructed velocity and tidal fields. To that extent we use detailed mock catalogues to test the reliability of our method against uncertainties arising from redshift distortions, survey boundaries, and false identifications of groups by our group finder. We also present a new, alternative method to reconstruct the density field, which does not require N-body simulations to obtain the halo-matter cross-correlation in halo domains. Rather, the method uses the reconstructed velocity field and the Zel'dovich (1970) approximation to infer the density field across cosmic times. Note that although this method is much simpler, and less time-consuming, it only yields an estimate of the smoothed density field (i.e., it is unable to resolve highly non-linear regions). Hence, this method should be considered complementary to the method presented in W09, rather than as a true alternative.
This paper is organized as follows. In Section 2 we present the galaxy and group catalogues used in this paper. Section 3 describes our reconstruction method, which is tested against mock galaxy catalogues based on high resolution N-body simulations in Section 4.
The reconstruction results based on the SDSS catalog are presented in Section 5, and we summarize and discuss our findings in Section 6. Throughout this paper we adopt a WMAP5 cosmology (Dunkley et al. 2009 ): the density parameter Ω m = 0.258; the cosmological constant Ω Λ = 0.742; the baryon density parameter Ω b = 0.044; the Hubble constant h = 0.72; and the linear RMS density fluctuation in a sphere of an 8 h −1 Mpc radius, σ 8 , equals 0.8.
THE SDSS CATALOGUE
The galaxy sample used here is constructed from the New York University Value-Added Galaxy Catalogue (NYU-VAGC; Blanton et al. 2005) , which is based on SDSS DR7 but includes a set of improved reductions over the original pipeline. We use all galaxies in the Main Galaxy Sample with extinction-corrected apparent magnitudes brighter than r = 17.72, with redshifts in the range 0.01 ≤ z ≤ 0.20, and with redshift completeness C z > 0.7.
The catalogue contains a total of 639, 359 galaxies with a sky coverage of 7, 748 square degrees. For each galaxy we compute its stellar mass from the g and r-band magnitudes using the method of Bell et al. (2003) . DR7 covers two sky regions: a larger region in the Northern Galactic Cap (NGC) and a smaller region in the Southern Galactic Cap (SGC).
As we demonstrate later, survey boundaries can significantly impact the accuracy of our reconstruction, and we therefore only use the more contiguous NGC region (see Fig. 1 for a view of the sky coverage used), which contains 584, 473 galaxies with a sky coverage of 7, 047 square degrees.
Galaxy groups are selected using the adaptive halo-based group finder developed by Yang et al. (2005) . The application of this group finder to the SDSS DR4 is described in detail in Yang et al. (2007; hereafter Y07) . The application to SDSS DR7 is exactly the same, except that the sky coverage is significantly larger and we adopt the WMAP5 cosmology, rather than the WMAP3 cosmology used by Y07. The geometry of the SDSS used for the group catalogue is defined as the region on the sky that satisfies the redshift completeness criterion. As described in detail in Y07, our group finder takes account of the survey edges in the SDSS volume by estimating the fraction, f edge , of each group's volume that falls inside of the survey volume. Group luminosities and masses are then corrected for this fraction, and groups with f edge < 0.6 are excluded, which removes only 1.6% of all groups.
As described in Y07, the majority of the groups in the catalogue have two estimates of their dark matter halo masses: one based on the ranking of the total characteristic luminosities of groups, and the other based on the ranking of the total characteristic stellar masses, both determined from group member galaxies more luminous than M r − 5 log h = −19.5.
As shown in Y07, both halo masses agree very well with each other, with an average scatter that decreases from ∼ 0.1 dex at the low mass end to ∼ 0.05 at the massive end. In this paper we adopt the halo masses based on the characteristic luminosity ranking. The luminosity-based group masses are available for a total of 355, 482 groups in our sample, which host a total of 502, 651 galaxies. The mass assignment based on characteristic luminosity ranking is complete to z ∼ 0.12 for groups with halo masses M h
and to z ∼ 0.14 for
. In our analysis, we will use all groups with M h ≥ M th = 10 12 h −1 M ⊙ and so we restrict our reconstruction to the nearby volume covering the redshift range 0.01 ≤ z ≤ 0.12, which we call the survey volume. Within this survey volume, the total number of groups above our mass limit (i.e., with M h ≥ M th ) is 12, 1922. Fig. 1 shows the distribution of these groups (black dots) as well as the distribution of galaxies that are assigned to halos with smaller masses (hereafter 'field galaxies', red dots), in a specific redshift slice centered on z ∼ 0.08, chosen to show the SDSS 'Great Wall' (Gott et al. 2005) . As one sees clearly, the distribution of the field galaxies closely follows the large-scale structure delineated by the more massive groups.
To perform the reconstruction, we transform the redshift distances and J2000.0 coordiReconstructing the Cosmic Velocity and Tidal Fields 7 nates for each group into the following comoving Cartesian coordinates:
Here α J and δ J refer to the J2000.0 right ascension and declination, respectively, and r(z)
is the comoving distance at redshift z. For the WMAP5 cosmology adopted here, the ranges for X, Y and Z axes of the survey volume are (−351.0, −1.5), (−329.7, 302 .0) and (−22.7, 330. 3)(in units of h −1 Mpc), so the maximal scale along the three axes are about 350, 632, and 353 h −1 Mpc, respectively.
THE RECONSTRUCTION METHOD
We now describe our method to reconstruct the velocity and tidal fields for the SDSS survey volume. Our method closely follows that of W09, but with a few small modifications that are required in order to properly account for the complicated geometry of the SDSS survey volume.
Velocity field
In the linear regime, the peculiar velocity can be derived as
where G, a,ρ and D are the gravitational constant, the scale factor of the universe, the cosmic mean density and the linear growth rate, respectively. The quantity φ is the peculiar gravitational potential and can be calculated from the density perturbation (δ) through the Poisson equation:
Combining these two equations, and working in Fourier space, we have
where v(k) and δ(k) are the Fourier transforms of v and δ, respectively, H is the Hubble constant, and Lahav et al. 1991) .
As described and demonstrated in W09, one can compute the velocity field using only the density field represented by dark matter haloes above a given mass threshold, M th .
The predicted velocity, v h (x), based on this halo distribution is tightly correlated with, and directly proportional to, the real velocity, v(x). In particular, we can write that (see Colombi, Chodorowski, & Teyssier 2007) 
where δ h (k) is the Fourier transform of the mass density contrast represented by the haloes with mass M h ≥ M th , hereafter δ h (x). As explicitly shown in W09, b hm is the average bias of the haloes with mass M h ≥ M th , and therefore the bias of the density field, δ h , is given by
where n(M) and b h (M) are the halo mass function and the halo bias function, respectively.
This bias factor can also be obtained through a comparison between the predicted velocities based on dark matter particles and haloes, as was done in W09. Thus, the velocity field can be reconstructed using only the population of haloes above some mass threshold. This is fortunate, since it means that we can use our group catalogue, which represents massive dark matter haloes, to accurately reconstruct the cosmic velocity field.
In order to reconstruct the velocity field in the SDSS survey volume we proceed as follows.
We first embed the survey volume in a periodic, cubic box of 726 h −1 Mpc on a side (In the following, this will be referred to as the survey box to distinguish it from the survey volume and the simulation box to be defined below). The linear size of the survey box is chosen to be about 100 h −1 Mpc larger than the maximal scale of the survey volume among the three axes. We divide the box into 1024 3 grid cells (which are ∼ 0.7 h −1 Mpc on a side), and sort them into two types: survey grid cells and non-survey grid cells, depending on whether or not the center of the grid cell in question is located inside the survey volume. We assign the mass of each group (with mass ≥ M th ) on the survey grid according to its redshift-space coordinates. This is done by assuming that the halo mass is distributed homogeneously within a radius of R 200 /2, where R 200 is the virial radius of the halo. Since we will smooth the density field on relatively large scales, our results are very insensitive to how exactly we distribute the halo mass; for example, we have verified that adopting a Dirac delta function, rather than a top-hat sphere, yields results that are indistinguishable. Non-survey grid cells are assigned a density equal to the average mass density of the groups (with M h ≥ M th ) in the survey volume (hereafterρ h ) so that the entire survey box has the same mean density as the actual survey volume. Next we compute the overdensity field of our groups (in redshift space), defined by
where the index i refers to the grid cell in question.
To correct for the redshift distortions due to the peculiar velocities of the groups, we follow exactly the procedure developed by W09. We first smooth the density field using a
Gaussian smoothing kernel with a mass scale of log(M s / h −1 M ⊙ ) = 14.75, which corresponds to a Gaussian kernel size of
for the WMAP5 cosmology adopted here 1 . Next we Fast Fourier Transform (FFT) the smoothed overdensity field of our groups, and use Eq. (5) 
where b hm is computed using Eq. (6). Fourier transforming v(k) then yields the velocity field, which we use to compute the peculiar velocity-corrected, cosmological redshift of each group according to
where v los is the line-of-sight component of the peculiar velocity and z obs is the observed redshift of the group (i.e., the luminosity weighted average redshift of the group members).
Since the velocity field is computed using the redshift space distribution of the groups, this method needs to be iterated until convergence is achieved. Detailed tests with mock catalogs suggest that two iterations are generally sufficient. Note that the relatively large smoothing scale is adopted to suppress non-linear velocities that cannot be predicted accurately with our linear model. Thus, our method only corrects redshift distortions in the linear and quasilinear regime. The choice of a large smoothing scale prevents the iterations from getting trapped in a local minimum. However, the correction is not sufficient in the boundary regions, as we will show below.
Now that we have a sample of groups with corrected positions, we can use the procedure described above to assign group masses on the survey grids to obtain δ h in 'real space'. In order to obtain the velocity field on different scales, we smooth the density field with several choices of M s . The values of v h /b hm on all the grid points then represent the predicted peculiar velocity field.
Gravitational tidal field
We describe the large-scale tidal field through the tidal tensor, T ij , defined as
where φ is the peculiar gravitational potential which can be calculated from the mass density field using the Poisson equation [Eq. (3)]. Since we want to derive the tidal field using only haloes (galaxy groups) with mass M h ≥ M th , we write the corresponding gravitational potential, φ h , as
where δ h is again the mass density distribution of groups with M h ≥ M th andρ h is the corresponding mean mass density. We thus can derive φ and T ij using galaxy groups. It is easy to see that the bias factor, b hm , in the above equation is the same as that in Eq. (5).
The value of δ h can be obtained using exactly the same method as described in Section 3.1, and we smooth δ h with a Gaussian smoothing kernel of a given mass M s . We then use FFT to obtain the potential field, φ, by solving the Poisson equation, and derivative operators are applied (in Fourier space) to derive the tidal tensors. Finally, the eigenvalues T 1 , T 2 and
of the tidal tensor are obtained at each grid point by diagonalizing the corresponding tidal tensor.
The tidal field impacts dark matter haloes, and their associated baryonic material, with a net angular momentum, and plays an important role in regulating the growth and shape of dark matter haloes (e.g., White 1984; Hahn et al. 2007a,b; Wang et al. 2011) . Hence, the tidal field is an important description of the environments in which haloes and galaxies reside. In particular, the number of positive eigenvalues of the tidal tensor can be used to define the morphologies of large scale structures (e.g. Hahn et al. 2007a,b; Forero-Romero et al. 2009; Munoz-Cuartas et al. 2011) . If all of the three eigenvalues of a grid cell are positive, the grid cell is classified as cluster. Similarly, grid cells with one or two negative eigenvalues are classified as filament or sheet, respectively, while grid cells for which all three eigenvalues are negative are classified as void. It is worthwhile to note that the tidal field is the second derivative of the gravitational potential, while the velocity field is the first derivative. The tidal field is therefore proportional to the derivative of the velocity field and can be used to characterize the convergence and divergence of the flow: around a cluster point, the three positive eigenvalues mean that the flows along all directions are converging to that point;
around a filament point the flow is convergent along two directions but divergent along the third; around a sheet point the flow is convergent along one direction but divergent along the other two; and around a void point, the flow is divergent in all directions. All this meshes well with the picture of the cosmic web formation in the current CDM model (e.g. Bond et al. 1996) , indicating that the classification of the large-scale structure according to the signs of T 1 , T 2 and T 3 provides a useful description of the various patterns in the cosmic density and velocity fields.
TESTS BASED ON MOCK DATA
Before applying our method to the actual SDSS data, we need to gauge the reliability of our reconstruction. Although many tests have already been presented in W09, here we focus specifically on an application to the SDSS survey volume, carefully assessing the impact of boundary effects associated with the complicated geometry of the SDSS survey volume. To that extent we use a mock SDSS group catalogue constructed from N-body simulations to carry out a series of test to verify the reliability of our method against uncertainties arising from redshift distortion, survey boundaries, and false identifications of groups by our group finder.
The N-body simulation and Mock catalogs
We use the "Millennium Simulation" (MS) carried out by the Virgo Consortium . This simulation assumes a spatially-flat ΛCDM model, with density parameter Ω m = 0.25, baryon density parameter Ω b = 0.045, Hubble constant h = 0.73, and the linear RMS density fluctuation in a sphere of an 8 h −1 Mpc radius, σ 8 = 0.9. Note that this cosmology is different from the WMAP5 cosmology adopted here, but this should not be a problem as we use it only to test our method. The CDM density field of this simulation was traced by 2160 3 particles, each having a mass of M p ∼ 8.6 × 10 8 h −1 M ⊙ , in a cubic box of 500 h −1 Mpc (comoving). The characteristic mass, M * , defined to be the mass scale at which the RMS of the linear density field is equal to 1.686, is log(
Dark matter halos were identified using the standard friends-of-friends algorithm (e.g. Davis et al. 1985 ) with a linking length that is 0.2 times the mean inter-particle separation.
The mass of a halo, M h , is simply defined as the sum of the masses of all the particles in the halo. These halos are referred to as 'real halos' in the following, to distinguish them from the groups identified by the group finder applied to the mock galaxy catalog described below.
Our construction of the mock galaxy and group catalogues here is similar to that described in Y07. First, we stack 3 × 3 × 3 replicates of the simulation box and populate the real haloes in the stacked boxes with galaxies of different luminosities, using the conditional luminosity function (CLF) model of van den . This CLF describes the halo occupation statistics of SDSS galaxies, and accurately matches the SDSS luminosity function and the clustering properties of SDSS galaxies as function of their luminosity. Phase-space parameters are assigned to the galaxies following the method described in More et al. (2009) .
Briefly, the brightest galaxy (central) in each halo is located at rest at the halo center, while the other galaxies (satellites) are distributed spherically following an NFW (Navarro, Frenk & White 1997 ) number density distribution with the concentration-mass relation of Macciò et al. (2007) . At the assigned position of each satellite galaxy, one-dimensional velocities are drawn from a Gaussian with a dispersion computed from the Jeans equation assuming isotropy. Next we place a virtual observer at the center of the stacked boxes and assign each galaxy (α J , δ J ) coordinates and a redshift, which is a combination of the galaxy's cosmological redshift and its peculiar velocity along the line-of-sight. Then we construct a mock galaxy catalogue by mimicking the sky coverage of the SDSS DR7, taking detailed account of the angular variations in the magnitude limits and completeness of the survey (see for details). Finally, we apply the halo-based group finder of Yang et al. (2005) to the mock galaxy catalog to obtain a mock catalogue of groups with halo masses assigned according to their characteristic luminosities, as described in Y07 (see Section 2).
Similar to the SDSS group catalogue, the mock group catalogue is also complete to z ∼ 0.12 for groups with halo masses M h > ∼ 10 12 h −1 M ⊙ . We thus again adopt M th = 10 12 h −1 M ⊙ and restrict our reconstruction to the volume covering the redshift range 0.01 ≤ z ≤ 0.12.
Note that this volume is called survey volume, and the survey volume for the mock catalogue is very similar to that of the real SDSS catalogue, so that the uncertainties in reconstruction arising from the survey boundaries are the same. The mock catalogue thus allows us to test the accuracy of the reconstruction from the real data. For the MS cosmology, Eq. (6) gives b hm = 1.56 for M th = 10 12 h −1 M ⊙ , which is the value we will adopt for the mock catalogue.
Quantifying the SDSS Survey Volume
Because the structure outside the survey volume is not modelled accurately, the reconstruction is expected to be better in the inner region of the survey volume than near its boundary.
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To quantify this boundary effect, we have to calculate the distance of each survey grid cell to the boundary. Unfortunately, the geometry of the survey volume is very complicated, and it is hard to calculate, or even define, the distance to the boundary. Hence we introduce a parameter, the filling factor F , to characterize the closeness of a survey grid cell to the boundary. For each survey grid cell, k, the filling factor F is defined as the fraction of grid cell centers in a spherical volume of radius R F centered on k, that are located within the survey volume. Hence, F is expected to be much less than unity for a grid cell located close to the boundary, while F ≃ 1 for a grid cell that is located more than a distance R F from any survey boundary. Thus, the value of F can be used to quantify the closeness of a survey grid cell to the survey boundary. What remains is to specify the radius
Mpc, for which we obtain a useful dynamic range in values of F : for the SDSS DR7 survey volume, 25.4% of the survey grid cells have F ≥ 0.9, 38.9% have F ≥ 0.8, and 66.4% have F ≥ 0.6. We note that our main results are insensitive to changes in R F of a factor of two.
Testing the Reconstruction of the Velocity Field
The upper panels of Fig. 2 show the reconstructed velocity (v m rec ) obtained from the mock catalogue using the method described in Section 3 versus the true velocity in the simulation 2)] is expected to be inaccurate for grid cells where nonlinear effects are not negligible. Secondly, the problem may arise from the fact that the survey volume is finite: velocity is generated by gravity, which is a long range force. Hence, if the survey volume is too small, the gravitational force due to the mass distribution outside the survey volume may make a significant contribution which is not included in our calculation.
Thirdly, it may be that our correction for redshift distortions turns out to be inaccurate.
And finally, systematic deviations in the reconstructed velocity field may also arise from inaccuracies (i.e., false identifications of groups) in our group finder.
In order to determine which, if any, of these factor(s) dominate, we perform a series of tests. For all these tests we keep the smoothing mass scale fixed at log(M s / h −1 M ⊙ ) = 13.
For our first test we use real halos distributed in real space in the periodic simulation box (500 h −1 Mpc) to predict the velocity (v b rec ) using linear theory. In this case, the reconstruction does not suffer from effects due to limited volume, redshift distortions or our group finder.
Hence, a comparison between the reconstructed and true velocity fields in this case tests the accuracy of our method in the absence of 'observational' effects. The first column of rec -v sim correlations for all three velocity components. On average the slope decreases by about 7%, indicating that the large-scale structure outside the survey volume indeed contributes to the acceleration. Next we consider the effect due to redshift distortion. Using the velocities of real halos, we generate a halo sample in redshift space within the survey volume. We then use the method described in Section 3.1 to correct for the redshift distortion and apply our reconstruction method to estimate the velocity field (v z rec ). In this case, the correlation for cells with F ≥ 0.6 (shown in the third column) is similar to that between v s rec and v sim (with an increase of 3% in the slope), suggesting that our method for correcting the redshift distortions works well and does not introduce significant bias. Finally, in the fourth column of Fig. 4 we show the correlation between v m rec and v sim (again only for cells with F ≥ 0.6), which includes also the effect of our group finder. Here the correlation becomes flatter than the v z rec -v sim correlation for all the three velocity components, albeit by a small amount (12% in the slope). This indicates that the group finder itself also introduces a weak bias.
The amplitudes of the deviation from a unity-slope relation introduced by the inaccuracy of the method (9%), the limited volume effect (−7%), and the group finder (−12%) are roughly comparable, and so all of them are important for producing the final deviation. Because this bias is relatively small and because it is extremely complicated to model accurately, we do not try to correct for it in what follows. Note that the scatter in the reconstructed velocity field (which is indicated in each panel) is mainly due to the inaccuracy of the method. We have also checked the distribution of the residual between the true velocity and each of the four reconstructed velocities. For the first case, where real halos distributed in real space in the periodic simulation box are used, the distritions of the three velocity components are identical. For the other three cases, where halos are distributed in the survey volume, the distributions are similar to those shown in Fig. 3 (see also Fig. 4 ). This suggests that the differences between the three components in our mock tests are mainly due to the survey geometry.
Testing the Reconstruction of the Tidal Field
We now move to the reconstruction of the cosmic tidal field. However, our results clearly show that the effect of F is not as important for the tidal field as for the velocity field. The reason is that the tidal field, being the derivative of the velocity field, is more dominated by smaller scale structure. This is also evident from the fact that the dynamic range of the reconstructed tidal field decreases significantly when log(M s / h −1 M ⊙ ) increases.
We have also carried out a series of tests to investigate what cause the scatter and bias in the tidal field reconstruction. As for the velocity field, we use the following four cases: caused by non-linear effects on small scales.
APPLICATION TO THE SLOAN DIGITAL SKY SURVEY
So far we have demonstrated that our method is able to reliably reconstruct the velocity and tidal fields in regions with F ≥ 0.6. In this section, we apply our method to the galaxy groups selected from the SDSS DR7. As noted in Section 2, we use groups with log(M h / h −1 M ⊙ ) ≥ 12 to perform the reconstruction in the survey volume (0.01 ≤ z ≤ 0.12). For the WMAP5 cosmology and M hm = 10 12 h −1 M ⊙ we obtain b th = 1.69 from Eq. (6), which is the value we adopted throughout. While we adopt a mass smoothing scale of log(M s / h −1 M ⊙ ) = 14.75
for the correction for redshift distortions (as described in Section 3.1), the results presented below have been obtained using a smoothing mass scale of log(M s / h −1 M ⊙ ) = 13. Choosing the later scale to smooth our finial results is a tradeoff between the accuracy and dynamic range.
The Tidal Field and the Classification of the Large-Scale Structure
Let us first look at the classification of the large-scale structure in the SDSS DR7 based on the reconstructed tidal tensor (see Section 3.2). Hahn et al. (2007a,b) found that using a smoothing mass scale of M s = 2M * yields good agreement with the visual classification of the large-scale structure. Since for the WMAP5 cosmology log(M * / h −1 M ⊙ ) ≈ 12.5, our adopted smoothing scale of M s = 10 13 h −1 M ⊙ nicely satisfies that criterion. Watkins et al. 2009; Feldman et al. 2010) .
A New Method to Reconstruct the Density Field
As described in Section 1, W09 presented a new method to reconstruct the matter density field from the distribution of (relatively) massive groups (i.e., dark matter haloes). The method partitions the volume in domains associated with each individual group, and models the mass distribution in each domain using the cross-correlation function between dark matter haloes and the mass distribution within their domain obtained from N-body simulations.
Here we present an alternative method to reconstruct the density field, which is significantly less elaborate in that it does not require N-body simulations to characterize the halo-matter cross-correlation in halo domains.
Rather, our new method uses the Zel'dovich (1970) approximation to displace mass elements using the velocity field obtained using the method described in Section 3 (see also Nusser et al. 1991) . According to the Zel'dovich approximation, the growth of structure can be specified by the displacement of mass elements from their initial positions, and the displacement, r − r i , of each mass element is proportional to the gradient of the initial gravitational potential at the initial position, r i . Since the potential φ ∝ D(a)/a and v ∝ ∇φ [equation (2)], we can also use the velocity field at redshift zero, instead of the initial potential, to calculate the displacement:
[see § 4.1.8 of MBW10] where v 0 (r i ) is the velocity vector at redshift zero at the initial position of the mass element. Since the initial density perturbations are small, one may use particles located on a uniform grid to sample the initial density field. The above equation
can then be used to predict the positions of the particles at a = 1 (z = 0) (or at any other redshift), thereby obtaining the density field.
Here we apply Eq. (12) to our reconstructed velocity field for the SDSS DR7 survey volume to predict the corresponding large-scale density field. We start by generating a sample of 512 3 particles uniformly distributed in the survey box, which we subsequently displace using the reconstructed velocity field. The resulting density field at redshift of zero, Since this paper focusses on the velocity and tidal fields reconstructed from the SDSS DR7, we refrain from a detailed quantification of the accuracy of this reconstruction method.
A detailed test of this method against N-body simulations, as well as an in-depth comparison with the reconstruction method proposed in W09, will be presented in a forthcoming paper.
For the moment we only emphasize that the new method presented here, albeit simpler and less time-consuming, is unable, by construction, to resolve highly non-linear structures.
Hence, unlike the W09 method, it is only able to reconstruct density field smoothed on relatively large scales. Its advantage, however, is that it automatically yields the reconstructed density field as a function of time, therefore providing insight into the merger/assembly history of the large-scale structure that hosts the galaxies in the SDSS DR7.
DISCUSSION AND SUMMARY
W09 have developed a method to reconstruct the velocity and tidal fields from the distribution of dark matter haloes. In this paper, we use the method to reconstruct these two fields in the Sloan Digital Sky Survey (SDSS) DR7 volume from dark matter halos represented by galaxy groups. We use detailed mock catalogues to test the reliability of our method against uncertainties arising from the inaccuracies of our method, redshift distortions, survey boundaries and false identifications of groups by our group finder. We find that both the velocity and tidal fields can be reliably reconstructed in the inner region of the survey volume, but that the reconstruction near the survey boundaries is significantly biased, especially the velocity field, which is more sensitive to large scale structure. We define a quantity to quantify the closeness to the survey boundary, and find that for the SDSS DR7 the bias produced by the boundary effects becomes comparable to or smaller than that produced by other factors for the inner ∼ 66% of the survey volume. The total bias in the reconstruction quantities is small, and detailed analysis suggest that each of the factors mentioned above contributes roughly equally to the bias. These results show that our method can be applied to real data to get reliable results.
We apply our method to the galaxy group catalogue obtained from the SDSS DR7 using the halo-based group finder of Yang et al. (2005) . We use the reconstructed tidal field to clas- We have also used the reconstructed velocity field, together with the Zel'dovich approximation, to reconstruct the cosmic density field in the SDSS survey volume. Visual inspections show that this method can well reproduce both the massive structures populated by rich groups, and small structures populated by individual galaxies. However, since it is based on the Zel'dovich approximation, it is unable to resolve highly non-linear regions, unlike the method presented in W09, which is based on an analog of the 'halo model' (e.g., Cooray & Sheth 2002 ) that describes the matter density distribution (in a statistical sense) in terms of its halo building blocks. Nevertheless this reconstruction has the advantage of being able to trace the density field across cosmic times, thus providing insight into the assembly of the large scale structure that hosts the SDSS galaxies.
The reconstructed velocity, tidal and density fields presented here have many applications. For instance, together with the SDSS DR7 group catalogue, our reconstructed cosmic fields can be used to investigate how galaxy properties correlate with their environment. In particular, it would be interesting to investigate whether galaxies in a halo of given mass M that is located in a filament differ, in a statistical sense, from galaxies in haloes of the same mass but located in a void, cluster or sheet. Recent studies have suggested that the properties of dark matter halos do depend significantly on their large-scale environments (e.g. Lee & Pen 2001; Gao et al. 2005; Wechsler et al. 2006; Jing et al. 2007; Wang et al. , 2011 , and it remains to be seen whether this is also the case for galaxies. The reconstructed density, velocity and tidal fields presented here, together with the intrinsic properties observed for SDSS galaxies, will provide a unique and novel avenue to study how environmental effects affect the properties of galaxies.
The fact that our reconstructed velocity field, together with the Zel'dovich approximation, seems able to yield a reliable density field on large, quasi-linear scales also indicates that it can be used to set up the initial conditions for N-body simulations of the large-scale structure formation in the local universe. In practice, the velocity field has to be smoothed on a suitable scale such that strongly nonlinear structures are absent and the Zel'dovich
Reconstructing the Cosmic Velocity and Tidal Fields 23 approximation is valid. The missing part of the perturbation spectrum in the initial conditions on small scales can be included using the method developed by, e.g., Bertschinger
(1987), Hoffman & Ribak (1992) , and van de Weygaert & Bertschinger (1996) . These initial conditions can then be used to run constrained simulations that closely mimic the true large scale structure in the SDSS survey volume (see also e.g. Nusser & Dekel 1992; Kolatt et al. 1996; Klypin et al. 2003; Kitaura & Ensslin 2008; Forero-Romero et al. 2011) . Our reconstructed density field based on the Zel'dovich approximation demonstrates the potential of this method, but further investigation along this line is needed. The hope is that eventually the formation history of the local universe can be traced back in time with reasonable accuracy. A comparison with the observed galaxy population within the same volume will then provide a goldmine to explore how galaxies form and evolve.
The reconstructed density and velocity fields will also be useful for studying the dynamics and physics of the IGM. For example, the line-of-sight peculiar velocities of the most massive groups in the SDSS DR7 survey volume can be used to make detailed predictions for the kinetic Sunyaev-Zel'dovich effect, which can be compared to forthcoming observations from, e.g., the Atacama Cosmology Telescope (ACT; Swetz et al. 2011 ) and the Planck satellite. In addition, a comparison of the reconstructed density field with quasar absorption line studies that are sensitive to the absorptions in the SDSS DR7 survey volume can provide invaluable constraints on the temperature and metallicity of the filaments and sheets that make up the cosmic web. Observations have so far revealed a wide array of absorption lines, ranging from low ions such as HI all the way up to highly ionized species, such as OVI and NeVIII (Tripp & Bowen 2006 and references therein), presumably associated with the warm-hot medium seen in gas-dynamical simulations (e.g. Cen & Ostriker 1999; Davé et al. 2001) .
With the installation of the Cosmic Origins Spectrograph (COS) on the HST, the sample of UV absorption systems in the local universe should increase by an order-of-magnitude or more. Such observations, together with the information about the density and velocity fields obtained from our reconstruction, provide an unique avenue to understand the nature of absorption systems at low-z and their implications for the state and structure of the IGM at the present time, and in particular to explore the connection and interaction between the IGM and the galaxy population.
Our reconstructed velocity field can also be used to constrain cosmological parameters via cosmology-dependent, a comparison of the velocity fields obtained using both methods may be able to constrain one or more cosmological parameters. Previous studies usually used the galaxy distribution directly to compare to the velocity field. However, galaxies are known to be biased tracers of the large scale mass distribution and the exact form of this bias is complicated, as it depends on various properties of the galaxies, such as luminosity and color.
Thus using galaxies directly may introduce uncertainties into the estimate of cosmological parameters. Our reconstructed velocity field is a better choice for this purpose, because the bias of dark matter halos is well understood. In particular, it is interesting to investigate if the large-scale bulk flow revealed in our analysis might pose a challenge to the standard ΛCDM model.
The reconstructed density, velocity and tidal fields presented here are publicly available from the authors upon request. We hope that they will provide a useful piece of data for investigations in cosmology, large-scale structure, galaxy formation, and the IGM. Fig. 9 . Positions of the groups are corrected for redshift distortion. Note that the massive structure shown here is part of the SDSS Great Wall. Figure 13 . The evolution of the density field around the SDSS Great Wall. The density field is produced using Zel'dovich approximation and the predicted velocity field. The color of each grid cell corresponds the logarithm of the density field (log ρ/ρ), as indicated in the figure.
